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Abstract
Within a minimal extension of the SM in 4 + 1 dimensions, we study how Kaluza
Klein excitations of the SM gauge bosons affect the electroweak precision observables.
Asymmetries in Z decays provide the dominant bound on the compactification scale
M of the extra dimension. If the higgs is so light that will be discovered at LEP2,
we find the following 95%C.L. bounds: M > 3.5TeV (if the higgs lives in the extra
dimension) and M > 4.3TeV (if the higgs is confined to our 4 dimensions). In
the second case, Kaluza Klein modes give ‘universal’ corrections and a good fit of
precision data can be obtained with a heavier higgs (up to 500GeV) and with a
smaller M > 3.4TeV.
1 Introduction
It has been recently realized that no known experi-
mental constraint excludes extra spatial dimensions
so large that can be discovered at future experiments,
and that no known theoretical constraint excludes
that this possibility be realized within string theory,
with a string scale in the TeV range [1]. A scenario
with such a low string scale can be motivated as a
new possible solution of the naturalness problem of
having a higgs much lighter than the Planck scale.
String excitations presumably generate a set of
non renormalizable operators (NRO) suppressed by
powers of the string scale. Even assuming that only
operators that conserve baryon number, lepton num-
ber, hadronic and leptonic flavour and CP are present,
dimension 6 operators that affect the electroweak
precision observables (EWPO) must be suppressed
by a factor 1/Λ2 around 1/v2N
1/2
Z (where NZ ∼
107 is the number of observed Z decays and v =
175GeV). A computation of all relevant operators [2]
indeed shows that few of these operators (and prob-
ably a generic set of them) must be suppressed by
Λ ≈ 10TeV. We cannot however derive interesting
implications from such bounds: are they sufficiently
strong to forbid observable Kaluza-Klein (KK) gravi-
ton effects [3] at LHC? Is a higgs with v = 175GeV
natural if Λ>∼ 10TeV? Similarly we cannot establish
if observations about the 1987 supernova [4], flavour
violation, CP violation, neutrino masses, proton de-
cay, nucleosynthesis and cosmic baryon asymmetry
are compatible with a so light string scale. Unfor-
tunately string theory is currently an example of a
theory with no parameters that makes no calculable
predictions.
In the following we will forget the possible but
currently uncontrollable NRO of string origin and
we will study the bounds set by EWPO on the scale
of possible new extra dimensions where SM gauge
bosons propagate. This kind of extra dimensions are
interesting because, if larger than the string scale,
modify the string predictions for the gauge couplings
in a way that qualitatively resembles the observed
values [5]. Beyond affecting the parameters of the
SM, KK excitations of the gauge bosons also give
minimal computable corrections to EWPO [6, 7, 8].
In section 2 we briefly recall a concrete minimal
extension of the SM to 5 dimensions [9] (‘M5SM’)
and we write the effective Lagrangian below the com-
pactification scale M in terms of the complete set
of non renormalizable operators that affect EWPO
used in [2] and listed in the appendix. Since we do
not know if the higgs field should be confined to our
4 dimensions or can propagate in the extra dimen-
sions, the model contains two higgs doublets with the
two different behaviors. Only one unknown param-
eter is necessary to take into account the resulting
uncertainty in low energy effects [7].
1
MZ = 91.187GeV
Gµ = 1.1664 10
−5 GeV−2
ΓZ = (2.4939± 0.0024)GeV
Rh = 20.765± 0.026
Rb = 0.21680± 0.00073
σh = (41.491± 0.058)nb
s2eff = 0.23157± 0.00018
MW = (80.394± 0.042)GeV
mt = (174.3± 5.1)GeV
α3(MZ) = 0.119± 0.004
α−1em(MZ) = 128.92± 0.036
Table 1: Electroweak precision observables.
In section 3 we derive bounds onM from a global
fit of the most recent data about electroweak preci-
sion observables [10, 11], listed in table 1. The list
of observables includes the Fermi constant measured
in µ decay and the Z mass (known with great preci-
sion), the W and top masses, the various Z widths,
the various asymmetries in Z decays grouped into an
‘effective sW’ and the values of the electromagnetic
and strong gauge couplings. The list does not include
atomic parity violation (APV), the neutrino-nucleon
cross sections and tests of quark-lepton universality.
Their inclusion would not shift our final results (the
best-fit regions in the mh and M plane shown in
fig. 1) in a significant way; however, since there is
now some discrepancy between the measured value
of APV [12, 13] and the SM prediction, the inclusion
of APV would strongly deteriorate the quality of the
SM and M5SM fits [14]∗.
2 The model
In this section we briefly recall a concrete minimal
extension of the SM to 5 dimensions [9] and we com-
∗Recent measurements about the Cesium atomic struc-
ture [12] correct previous data and allow to reduce the atomic
structure uncertainties, that still remain the largest uncer-
tainty in the SM prediction for APV in Cesium. The measured
value of APV [13], QW = −72.06 ± 0.28exp ± 0.34th, is now
significantly smaller in modulus (2.5 ‘standard deviations’, if
one adds experimental and theoretical errors in quadrature)
than the SM prediction. Not including APV in the fit we de-
rive more safe bounds on the mass of KK modes (that increase
the amount of APV). Its inclusion would strongly increase the
minimal value of the χ2, both in the SM and in the M5SM,
and would allow to derive strong bounds on these models [14]
based on the ‘goodness of the fit’. It would instead not shift
in a significant way the ‘confidence intervals’ on mh and M
that we study in this paper: the 0.6% error on APV is still
significantly larger than the ∼ 0.1% error on various cleaner
electroweak observables listed in table 1. For example, in a
pure SM fit, the inclusion of APV reduces by only 8GeV (i.e.
by ∼ 7%) the best fit value of mh while increases by ∼ 250%
the value of (minχ2)/d.o.f.. ‘Confidence intervals’ are com-
monly employed to report experimental data, in place of inter-
vals based on ‘goodness of the fit’, due to their stability with
respect to rare statistical fluctuations and/or underestimated
systematic errors.
pute how the KK excitations of the SM gauge bosons
affect the EWPO. The model contains one extra di-
mension compactified on S1/Z2 where the SM gauge
fields can propagate (the circle S1 has radius R =
1/M ; the Z2 symmetry ensures that the massless
spectrum only contains the SM fields). The SM
fermions are instead confined to 4 dimensions. The
higgs doublet could follow both possibilities. Since
we do not know which possibility (if any) is the phys-
ical one, the model has two higgs doublets H4 and
H5: H4 is confined to our 4 dimensions while H5 can
propagate into the extra dimension. Both higgs dou-
blets could contribute to EWSB. Their effects can be
parameterized in terms of an angle β [7]
〈H4〉 = (0, v sinβ), 〈H5〉 = (0, v cosβ)
where v = 175GeV and β has nothing to do with
the β used in supersymmetric models.
At tree level the KK excitations Anµ of the SM
gauge fields, with mass Mn = nM (n = 1, . . . ,∞),
couple to SM particles with the Lagrangian interac-
tion
√
2AnµJµ where Jµ are the contributions from
four dimensional fields to the usual gauge currents.
Conservation of momentum in the extra dimension
forbids the five-dimensional fields to appear in the
currents (see [6, 7] for more details). All our anal-
ysis of precision data could be rephrased in terms
of excited gauge bosons A∗µ with couplings g
∗ =√
2g. Since KK modes are currently more popular
than composite particles, we will perform our anal-
ysis with the normalization factors appropriate for
KK modes.
The fact that KK modes couple to observed par-
ticles in a way similar to the SM vector bosons has
been used to compute the KK corrections to various
EWPO [6, 7, 8]. Here we follow a less direct strat-
egy because we prefer to use the results in [2], where
the effects of a complete set of 10 non renormalizable
operators (recalled in the appendix) on EWPO have
been listed.
Thus we need to write the effective Lagrangian
for the SM fields obtained integrating out the KK
excitations. The first KK level gives
L1 = − 1
M2
(JaµJ
a
µ + J
B
µ J
B
µ + J
G
µ J
G
µ ) (1)
In this model the n-th KK mode gives (at tree level)
Ln = L1/n2, so that summing over n one obtains
Leff = pi26 L1. With one extra spatial dimension the
first few terms dominate. With more than one ex-
tra dimension the sum over KK excitations is diver-
gent. In both cases the string scale cannot be much
larger than the compactification scale and will cut-
off the sum at n<∼Mstring/M . In general we do not
know the numerical factor that relates Leff to L1. In
order to avoid a normalization of M different from
previous analysis [7], we keep the factor π2/6. This
2
model dependent normalization factor is not much
relevant (but not completely irrelevant) when com-
paring LEP1 bounds with capabilities of LHC.
The gluonic current does not affect electroweak
precision observables so that we neglect it in the fol-
lowing. The currents coupled to the KK modes of
the SU(2)L and U(1)Y gauge vector bosons are
Jaµ =
g2
2
[∑
L,Q
(F¯ γµτ
aF ) + (i H†4τ
aDµH4 + h.c.)
]
JBµ = gY
[∑
(YF F¯ γµF ) + YH(i H
†
4DµH4 + h.c.)
]
The sum in Ja runs over the fermionic doublets F =
L,Q, while the sum in JB runs over all the SM
fermions. In the standard notation that we employ
the hypercharges YF are
{YL, YQ, YE , YU , YD} = {−1
2
,
1
6
,−1, 2
3
,−1
3
}.
The effective Lagrangian can thus be written in terms
of the operators in the appendix as
L1 = − g
2
2
2M2
[
−OLL + sin2 β(O′HL +O′HQ)
]
+
− g
2
Y
M2
sin2 β
[∑
YFOHF +OH sin2 β
]
(2)
up to operators that do not affect the electroweak
precision observables that we consider. Using the re-
sults in [2] it is straightforward to compute the cor-
rections from this set of NRO to the various EWPO.
Two limiting cases are of particular interest. If
sinβ = 0 (EWSB entirely due to a five-dimensional
Higgs H5) the relevant effective Lagrangian contains
a single operator
L1 = g
2
2
2M2
OLL
again up to terms that do not affect EWPO so that
the bounds on it are the same as those in [2]. The
limiting case sinβ = 0 is however problematic since
it seems unlikely that the Yukawa couplings of a 5
dimensional Higgs to the top quark, suppressed by a
factor ∼ R1/2, can generate the top mass.
More interesting is the opposite limit, sinβ = 1
(EWSB entirely due to a four-dimensional Higgs H4;
H5 is either absent or irrelevant). In this case the
effective Lagrangian can be rewritten in the simple
form
L1 = − 1
M2
(OWW +OBB) (3)
once again up to terms that do not affect EWPO†
†We explicitly demonstrate this fact in the abelian case.
Applying the Bianchi identities ∂αBµν = −∂µBνα − ∂νBαµ
to one of the two factors in OBB =
1
2
(∂αBµν )(∂αBµν) and
integrating by parts, one obtains products of the combina-
tions ∂αBαν that appear in the classical equation of motion
of the Bαν gauge field. In this way one obtains
∫
d4x OBB =∫
d4x JBµ J
B
µ up to surface terms.
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Figure 2: 95%C.L. lower bounds on the compact-
ification scale M from electroweak data for mh =
100GeV as function of sinβ (sinβ = 1 corresponds
to a higgs confined to 4 dimensions). The continuous
line shows the bound from the global fit, while dashed
lines show the bounds from single measurements.
Beyond proving a check of the computation, eq. (3)
will be useful for interpreting the bounds that we will
find in the limiting case sinβ = 1. An interesting
analysis of these two operators can be found in [15].
It would be simple to extend the analysis to the
more general models considered in [16]: for exam-
ple if also the leptons can propagate in the extra
dimensions one should omit all operators involving
leptons from the effective Lagrangian (2); if instead
the SU(2)L gauge bosons are confined to our 4 di-
mensions one should omit their JaµJ
a
µ contribution.
3 Results
We begin our analysis making the simplifying as-
sumption that the higgs is so light that will be ob-
served at LEP2 or Tevatron in the next years. For
fixed mh ≈ 100GeV, we can compute a χ2(M, sinβ)
by minimizing the full χ2 with respect to mt, αstrong
and αem for each value of M and sinβ.
In fig. 2 we show the resulting 2σ ≈ 95%C.L.
bound (i.e. ∆χ2 = 3.85) on the KK mass M as func-
tion of sinβ (continuous line). The dashed lines show
the bounds from the single experimental data that
we have fitted (omitting the less relevant ones). The
apparent difference with respect to an analogous fig.
in [7] is only due to a different choice of a minimal
set of experimental data (with our choice there are
no significant correlations between the data). The
strongest bound comes from the ‘effective sW’ ex-
tracted at LEP and SLD from various asymmetries
in Z decays. Due to the accidentally small SM value
of the vector coupling of leptons to the Z, these
asymmetries are particularly sensible to new physics.
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Figure 1: Bounds on the compactification scale M and on the higgs mass in three extensions of the SM to five
dimensions: (a) with a higgs doublet confined to 4 dimensions; (b) with a higgs doublet that can propagate to the
extra dimension; (c) a combination of (a) and (b). The level curves correspond to ∆χ2 = {1, 2.3, 3.8, 6, 9.2}.
More precisely KK modes affect the correlation be-
tween this ‘effective s2W’ and the s
2
W derived from
αem, the Z mass, MZ , and the Fermi constant for µ
decay, Gµ, as s
2
Wc
2
W = παem/
√
2GµM
2
Z .
From fig. 2 we see that the 95%C.L. bound on the
compactification scale M = 1/R is M > 3.5TeV in
presence of one higgs doublet that propagates in the
extra dimension, and M > 4.3TeV in the simplest
case of EWSB entirely due to a higgs confined to
four dimensions. Asymmetries in Z decays give the
dominant bound, except when sin2 β is close to
√
2−
1, where some cancellations take place. In this case
the measurement of the Z width provides the weaker
bound M > 2.7TeV.
It is interesting to perform a more complicated
analysis and study the EWPO bound on M in as-
sociation with the EWPO bound on the higgs mass.
Since EWPO imply a light higgs only in absence of
new physics, both the upper bound on mh and the
lower bound on M could be somewhat relaxed. Few
cases where this happens can be found in [17, 18, 2].
This happens also in the case that we are studying
if sinβ is large enough (i.e. in the simplest scenario
with only a 4-dimensional higgs). In this case KK
corrections decrease the predicted value of the ‘effec-
tive s2W’ that gives the strongest bound onM , while a
heavy higgs increases it. The measurement of the ef-
fective s2W thus allows to have light KK modes and a
heavy higgs, with an appropriate cancellation of their
effects. Since other significant observables, like the Z
width, do not allow such cancellation, only a limited
weakening of the limits on M and mh is possible.
The contour plots of the ∆χ2(M,mh) in fig.s 1 show
the allowed regions in the (M,mh) plane for different
values of sinβ. Fig. 1a refers to a higgs confined to
four dimensions; while fig. 1b is valid in the oppo-
site (problematic) limit where only a 5 dimensional
higgs exists. No cancellations between heavy higgs
and KK effects happen in this second case. Finally
fig. 1c refers to the case sin2 β =
√
2− 1 = 0.64 that
has the weakest bound in fig. 2 due to some cancel-
lations between KK effects.
The ∆χ2(M,mh) plotted in fig.s 1 is precisely
defined as follows. For a given value of sinβ, and for
each value of M and mh we compute a χ
2(M,mh)
minimizing the full χ2 with respect to mt, αstrong
and αem. ∆χ
2 is defined as χ2(M,mh) minus its
minimum value, whose location is marked in fig.s 1
with a disk. The chosen contour levels correspond
to the conventional 68%, 95% and 99% ‘confidence
levels’ on mh, on M or on the couple (mh,M).
‡
Fig. 1a also contains a dashed line. It has been
plotted to illustrate how natural is having a higgs
lighter than the compactification scale. At the right
of the dashed line, the quadratically divergent one
loop correction to the squared higgs mass, computed
in the SM [19] and cutoffed at M , is more than ten
times larger than the squared higgs mass itself (so
that a fine tuning >∼ 10 is required). We see that
from the point of view of this naturalness problem, a
heavy higgs is not more natural than a light one, due
to its larger self-coupling (the particular behavior of
the dashed line for mh around 130GeV is due to a
cancellation between the various SM loop effects).
Supersymmetry could still be necessary to justify
the lightness of the higgs. No change in our anal-
ysis is necessary in the supersymmetric case, since
experimental bounds on sparticles [11, 20] guaran-
tee that the EWPOs more crucial for our analy-
sis are not affected by significant supersymmetric
loop effects [21]. Maybe supersymmetry could force
the higgs to be light. This is however not guar-
‡These results can be easily translated into the results of a
Bayesian analysis. The contour levels correspond to values of
−2 ln p, where p is the Bayesian probability density (normal-
ized to be one at the best fit point) in lnmh and 1/M
2 ob-
tained assuming a flat prior distribution in the same variables.
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anteed in presence of non renormalizable operators:
the superpotential can contain a quartic term W4 =
(HuHd)
2/2Λ, and the Lagrangian can contain the
corresponding ‘A-term’ AW (4). Here Hu and Hd are
the two higgs superfields required by supersymme-
try. If Λ ∼ (few TeV) and the soft terms µ,A are
larger than v, the light higgs mass mh could receive
significant corrections. In this case it is easy to com-
pute mh analytically using the results (and the no-
tations) of [22], where the general two-higgs-doublet
potential is studied. The NRO terms induce extra
contributions to the quartic couplings
δλ6 = δλ7 =
µ∗
Λ
, δλ5 = −A
λ
.
The light higgs is no longer constrained to be smaller
thanMZ | cos 2β| at tree level as in the renormalizable
case: |µ/Λ|>∼ 0.1 is sufficient for havingmh>∼ 100GeV
even at tanβ = 1.
4 Conclusion
Within a minimal extension of the SM to 5 dimen-
sions we have studied the bounds on the size of the
compactified extra dimension, due to minimal cor-
rections to EWPO mediated by KK excitations of
the SM vector bosons. If the higgs is so light that
will be discovered at LEP2 (a possibility suggested
by EWPO themselves and by supersymmetric mod-
els), we find the following 95%C.L. bounds on the
radius R = 1/M of the extra dimension where gauge
fields can propagate: M > 3.5TeV (if the higgs lives
in the extra dimension) M > 4.3TeV (if the higgs is
confined to our four dimensions).
In the second case the bound can be a bit relaxed
because KK corrections allow a good fit of all preci-
sion data even in presence of a heavier higgs, up to
∼ 500GeV. Accidental cancellations that compen-
sate in many precision observables the loop correc-
tions of a heavy higgs with the KK corrections are
not very unlikely in a case, like this one, where both
corrections affect the precision observables in an ‘uni-
versal’ way. This means that all the effects can be
confined to the propagators of the gauge bosons (as
in eq. (3)) so that all the experimental data are af-
fected only through few parameters (usually called
S, T, U [23] or ǫ1, ǫ2, ǫ3 [24]). No compensation hap-
pens in ǫ1 (that is reduced both by heavy higgs and
KK corrections), but its experimental value is a bit
lower than the best fit SM value.
In all cases (except when sinβ is close to 0.65)
the strongest bound on M comes from asymmetries
in Z decays, that mainly depend on the ‘effective
s2W’ that parameterizes the leptonic couplings of the
Z. An improvement in its measure (or a shift in
its central value) would thus affect our results. An
higher central value (like the one measured at LEP)
would give stronger constraints, while a lower value
(like the one measured at SLD) could even indicate
the presence of a signal, if the error will be reduced
by a factor 2 ÷ 3. On the contrary no significant
improvement of the bound on the compactification
scaleM will result from an improved measurement of
theW mass: even with a ±15MeV error the measure
of MW will continue to give a subdominant bound.
Atomic parity violation gives negligible bounds on
extra dimensions, and receives negligible corrections.
Comparable bounds are present in more general
models, for example in presence of a single extra di-
mension with the substructure proposed in [25] to
suppress proton decay. With more than one extra
dimension KK modes with mass close to the string
scale give the dominant effect, so that the details of
the string ‘model’ affect EWPO. The larger multi-
plicity of KKmodes probably implies stronger bounds
on the compactification radii.
These LEP bounds make extremely unlikely that
KK effects can be observed at Tevatron. On the
contrary LHC with high luminosity (100fb−1) can see
KK effects up toM ∼ (6÷7)TeV [26]. If a signal will
be found, it could be difficult to distinguish directly
KK modes from a compositness excitation of the W .
For example the effects of the next KK levels (n > 1)
could be too small to be seen.
Note added The same kind of analysis presented
in section 3 has been performed in a recent paper [27].
Our conclusions and our bounds on M agree with
their results.
Acknowledgments We are grateful to Riccardo
Barbieri and Riccardo Rattazzi for many useful dis-
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A NRO operators
Here we briefly recall few technical details, discussed
in a more complete way in [2], where notations are
precisely defined.
The following 10 operators are a minimal set of
gauge invariant, flavour symmetric, CP-even opera-
tors of dimension 6 that can affect the EWPO:
OWB = (H†τaH)W aµνBµν
OH = |H†DµH |2
OLL = 12 (L¯γµτaL)2
O′HL = i(H†DµτaH)(L¯γµτaL) + h.c.
O′HQ = i(H†DµτaH)(Q¯γµτaQ) + h.c.
OHL = i(H†DµH)(L¯γµL) + h.c.
OHQ = i(H†DµH)(Q¯γµQ) + h.c.
OHE = i(H†DµH)(E¯γµE) + h.c.
OHU = i(H†DµH)(U¯γµU) + h.c.
OHD = i(H†DµH)(D¯γµD) + h.c.
5
This set is minimal in the sense that any other op-
erator that contributes to the EWPO of table 1 can
be written as a combination of them, up to opera-
tors that give null contribution. For our purposes the
most general effective Lagrangian with dimension six
operators can thus be written as
LNRO =
10∑
i=1
ciOi.
The coefficients ci appropriate for our analysis are
given in eq. (2). The contributions from the single
operators to the form factors δei, δGVB, δgV f and
δgAf (precisely defined, e.g., in [24]) are listed in ta-
ble 2 of [2]. The form factors affect the EWPO in an
obvious way; since the computation is however not
immediate, the explicit expressions given in [2] could
be useful. Fitting the ǫi (or the S, T, U) parameters
would be much simpler; however in presence of ‘non
universal’ corrections it is not a correct approxima-
tion and a more cumbersome fit of the the EWPO is
necessary.
The two operators
OWW = 1
2
(DρW
a
µν)
2, OBB = 1
2
(∂ρBµν)
2
can be written as a combination of the ten opera-
tors listed above, plus operators that do not affect
EWPO. They are however interesting for our analy-
sis (see eq.s (2) and (3)). If they are present in the
effective Lagrangian with coefficients cWW and cBB,
the form factors receive the following corrections
δe2 = cWW g
2
2v
2 tan2 θW,
δe4 = +g
2
2v
2(cBB + cWW tan
2 θW),
δe5 = −g22v2(cWW + cBB tan2 θW)
Since few of these form factors were zero in [2], eq. (2)
of [2] must be generalized as [21]
δǫ1 = δe1 − δe5 − δGVB
δǫ2 = δe2 − s2Wδe4 − c2Wδe5 − δGVB
δǫ3 = δe3 + c
2
Wδe4 − c2Wδe5.
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